We describe an implantable patch sensor for monitoring L-glutamate in hippocampal slices in submerged and interface preparations. This patch sensor is prepared by excising the cell membrane in the CA3 region of a hippocampal slice in a submerged preparation, and then implanted in the target neuronal region (CA1) of mouse hippocampal slices. The lifetime of the sensor was 3 -8 min for the interface slice and 40 -50 min for the submerged slice. The calibration of an implanted sensor can be achieved by adding an L-glutamate solution to a bath (ACSF) solution. The monitoring of L-glutamate release in the CA1 region of mouse hippocampal slices under chemical stimulation with γ-aminobutyric acid (GABA) and potassium chloride (KCl) was demonstrated.
Introduction
The patch-clamp technique has been widely used for studying the electrophysiological properties of biological membranes, especially while allowing the recording of whole-cell or single-channel currents flowing across biological membranes through ion channels. 1, 2 On the other hand, natural receptor-based sensors, i.e., patch-clamp sensors (abbreviated as a patch sensor), have also been exploited by utilizing excised membranes containing receptor ion channels, including glutamate receptor ion channels (GluRs) that sense L-glutamate in brain slices, 3 or by clamping a whole cell with a glass pipet, 1, [4] [5] [6] [7] [8] which allows one to measure ion currents of all channels in the cell membrane. In contrast to the whole-cell recording, an excised membrane-based patch sensor is independent from the activity of a neuronal system to be measured.
A patch sensor is prepared by excising a cell membrane containing ligand-sensitive receptors from a brain slice in a submerged preparation. Patch sensors for L-glutamate have been exploited by utilizing L-glutamate-sensitive receptors, such as N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoazole propionic acid (AMPA) receptors. [7] [8] [9] [10] [11] [12] [13] The spatial resolution of patch sensors (diameter <2 μm) is better than that (approximate 10 μm) of enzyme sensors. The detection limit to L-glutamate in a bath solution is at the sub-μM to μM level. However, the use of patch sensors has been restricted to a living slice submerged in a bath solution in order to ensure efficient oxygenated and continuous movement of the solution around the slices. Hence, patch sensors so far reported detect L-glutamate that diffuses out of the slice. 8, 9, [11] [12] [13] To the best of our knowledge, one example of an implanted patch sensor has been reported, in which an excised patch sensor was implanted in region dentate gyrus (DG) of submerged hippocampal slices for monitoring L-glutamate release. 10 On the other hand, in electrophysiological studies, a different form of experimental chambers has been designed, which provides an oxygenated environment by running an ACSF underneath a slice and passing humidified oxygenated gas over the slice. Such an alignment is of major importance for studying synaptic plasticity, such as long-term potentiation (LTP) and long-term depression (LTD), because pharmacological agents are able to be rapidly washed on and washed off.
14 This form of slices is called an interface preparation. Since a bath solution above the slice is practically absent, the implantation of a patch sensor into a slice is necessary for monitoring L-glutamate release, in the same manner as performed with an enzyme sensor. 15 In the present study, we describe an implantable patch sensor for monitoring L-glutamate in hippocampal slices in interface and submerged preparations. We demonstrated the fundamental properties of an implanted patch sensor and its potential use for monitoring L-glutamate release in the region of cornu ammonis 1 (CA1) of hippocampal slices under chemical stimulation with γ-aminobutyric acid (GABA) and KCl. Our measurements were confined to region CA1, because the release of L-glutamate there is expected to be the lowest among regions CA1, cornu ammonis 3 (CA3) and DG, 15 and hence the level of L-glutamate does not exceed the upper dynamic range of a patch sensor.
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Experimental
Reagents
All chemicals used were of analytical reagent grade. Milli-Q water (Millipore reagent water system, Bedford, MA) was used throughout the experiments. An artificial cerebrospinal fluid (ACSF) contained 0.12 M NaCl, 3.0 mM KCl, 2.0 mM CaCl2, 2.0 mM MgSO4, 23 mM NaHCO3, 1.2 mM NaH2PO4 and 11 mM D-glucose, saturated with a 95% O2-5%CO2 gas mixture. Superfusate (bath solution) was an ACSF containing 10 μM glycine, saturated with a 95% O2-5 CO2 gas mixture. An L-glutamate solution was prepared by dissolving L-glutamic acid in an ACSF. A GABA solution was prepared, containing 0.12 M NaCl, 3.0 mM KCl, 2.0 mM CaCl2, 2.0 mM MgSO4, 23 mM NaHCO3, 1.2 mM NaH2PO4, 11 mM D-glucose, 10 μM glycine and 0.30 mM γ-aminobutyric acid (GABA), saturated with a 95% O2-5%CO2 mixture. A KCl solution contained 0.12 M NaCl, 50 mM KCl, 2.0 mM CaCl2, 2.0 mM MgSO4, 23 mM NaHCO3, 1.2 mM NaH2PO4, 11 mM D-glucose and 10 μM glycine, saturated with a 95% O2-5%CO2 mixture.
Slice preparation
Adult male ddY mice (7-week-old) were killed by cervical dislocation, followed by decapitation, in accordance to the guideline of the animal committee at Nihon University. Coronal slices (thickness 350 μm) were cut using a Dosaka DTK-1000 microslicer (Kyoto, Japan).
Transverse slices (thickness 400 μm) were cut using a McILWAIN tissue chopper (The Mickle Laboratory Engineering Co. Ltd., UK). The slices were incubated for 30 min in an ACSF at 30 -32 C, and held at room temperature until use.
Current recordings
Patch pipettes were pulled from borosilicate glass capillaries (1.5 mm o.d. and 0.86 mm i.d., Harvard Apparatus Ltd., Kent, UK) using a three-pull technique with a Sutter micropipette puller (Model P-97, Sutter Instrument Co., Novato, CA). The tip size (outer diameter) of the pipette was less than 2 μm, as observed under a microscope. The composition of a pipette (inner) solution was a glycine-omitted ACSF. Current recordings were performed at an applied potential of -60 mV with an Axopatch 200B patch-clamp amplifier with a built-in 1.0 kHz filter (Axon Instruments Inc., Burlingame, CA). Currents were stored on-line using a PHYSICO PC computer (PHYISICO-Tech Ltd., Tokyo, Japan) in which a pCLAMP software version 8.0 (Axon Instruments Inc.) or a pCLAMP software version 6.0.4 (Axon Instruments Inc.) was installed.
Procedure for transforming a submerged slice to an interface one
Hippocampus was taken out from a brain slice and transferred on a lens paper in a chamber containing 0.50 mL of superfusate, positioned under an upright microscope (BX50WI, Olympus, Tokyo, Japan). After a tight seal outside-out patch excised from the stratum pyramidal region of CA3 was formed, the patch sensor was moved to region CA1, followed by lowering it into the target region at a depth of 100 μm with a manipulator (Fig. 1) . The preparation of a patch sensor was carried out at region CA3 in order to avoid the injury of region CA1, which likely occurs by excising a patch membrane.
For transforming the submerged slice to an interface one, the superfusate in the chamber (volume 0.50 mL) was gently aspirated and removed with a micropipette. During this procedure, the superfusate was run underneath a hippocampal slice at a flow rate of 0.093 mL min -1 . The volume of solution underneath the slice was roughly 7 μL (calculated from the size of a lens paper). Therefore, solution exchange was achieved within a few tens of seconds.
Prior to monitoring L-glutamate release, it was confirmed that the excised patch membrane at -60 mV did not exhibit channel currents ascribable to voltage-dependent channels. Then, recording the current of an implanted patch sensor at -60 mV was started. For stimulating with GABA or KCl, an ACSF containing the stimulant was run at a flow-rate of 0.093 mL min -1 by switching the flow line for an ACSF to that for a stimulant solution. When a submerged slice was used, an ACSF or a stimulant solution was run at a flow rate of 0.20 mL min -1 .
Results and Discussion
Seal resistance
Since the response of a patch sensor to L-glutamate is based on the recording of small channel currents in the picoampere range arising from NMDA and AMPA receptors in excised patch membranes, the maintenance of a tight seal of a patch membrane onto the glass pipette is essential for operating an implanted patch sensor. The relation between the seal resistance before and after implantation in slices in submerged preparation is shown in Fig. 2 . A correlation between the seal resistance before and after implantation was observed (Fig. 2a) , indicating that the resistance of the excised patch sensor was maintained even after its implantation into the submerged slices. However, when the bath solution was removed to transform the slice to an interface one, the seal resistance of the implanted sensor dropped to approximately one third of those at a submerged state (Fig. 2b) . There was no clear relation between the seal resistance of an implanted sensor and the lifetime of the implanted sensor (Fig. 2c) . It appears that a seal resistance larger than 3 gigaohm is preferable for recording channel currents with an implanted patch sensor.
Calibration of an implanted patch sensor
To establish a calibration method for an implanted patch sensor, we investigated the response of a patch sensor to L-glutamate before and after implantation into a hippocampal slice. After preparing a patch sensor in an ACSF and confirming a silent response at -60 mV, approximately 1.5 mL of an L-glutamate solution was run to exchange an ACSF for an L-glutamate solution. The flow was stopped during current recording. The response of the patch sensor to exogenous L-glutamate was recorded for 20 s (Fig. 3a) . Then, the patch sensor was implanted in region CA1 at a depth of 100 μm, and its response was recorded again. The response of the sensor was found to continue even after its implantation into the slice, seemingly because L-glutamate diffused into the slice through a tear of damaged tissue. The response of the implanted sensor in terms of an integrated current (averaged for 5 s) was stable, and its magnitude remained almost constant over a recoding period of 20 s (Fig. 3b) . In addition, the integrated current recorded at a given time interval remained unchanged until 5 min (Fig. S1 , Supporting Information), indicating a stable response to L-glutamate. A calibration curve for L-glutamate ranging from 1.0 to 5.0 μM is shown in Fig. 3c . The magnitude of the response with an implanted sensor was almost the same as that obtained with the sensor before implantation. It is noted that the effect of endogenous L-glutamate on calibrating the implanted sensor is negligible because the basal concentration of endogenous L-glutamate is known to be nM level. 16, 17 Thus, the calibration of a patch sensor in an ACSF is valid even for an implanted sensor. For both cases, the integrated currents vs. concentration plots were sigmoid up to 5.0 μM with a half-maximum response (EC50) of ~2.3 μM (regarding the response to 5 μM L-glutamate as the maximum). The EC50 value is close to the reported one (1 -2 μM 19-21 ) of NMDA receptors. This implies that the NMDA receptor rather than the AMPA receptor (EC50 = ~500 μM 19, 22 ) was predominantly activated at the low concentration of L-glutamate, in accordance with our previous paper. 12 It is noted that the calibration of a patch sensor at an interface state was difficult, because the injection of an L-glutamate solution into a slice is necessary, which causes the collapse of a patch membrane due to a physical perturbation. Since the basal current at -60 mV was kept constant even after the transformation of a submerged state to an interface one (Fig. S2 , Supporting Information), it appeared that the calibration at a submerged state is valid even at an interface state.
Monitoring L-glutamate release at CA1 of a hippocampal slice in interface preparation
The potential of an implanted sensor for monitoring L-glutamate release in a coronal hippocampal slice in an interface preparation was tested by using GABA as a stimulant. GABA stimulation is known to release L-glutamate via activation of the GABAA receptor in CA1 of mouse hippocampal slices. 12, 23 A patch sensor was implanted in region CA1 of a hippocampal slice at a depth of approximately 100 μm, and the slice was transformed to an interface one. A current vs. time trace recorded by running an ACSF and a GABA solution in sequence is shown in Fig. 4a . No noticeable changes in the current at -60 mV were observed when an ACSF (without a stimulant) was run. On the other hand, a transient increase in the current appeared approximately 20 s after the onset of GABA (0.30 mM) stimulation, indicating a GABA-triggered release of L-glutamate from the CA1 region. The current level returned to the initial one before the onset of the stimulation by washing off with an ACSF, showing that the stimulant was rapidly washed out by virtue of the slice in the interface preparation. A similar GABA-induced, transient release of L-glutamate has been reported by using an enzyme sensor. 23 The current of an implanted sensor frequently happened to increase largely after the offset of GABA stimulation. This was due to the fact that the seal between the excised membrane and the glass surface of a patch sensor became leaky for some unknown reason, and/or the slice contracted owing to a gradual loss of water from the slice surface, resulting in the flow of ions through the loose seal.
The recording of an L-glutamate current necessitates the tight seal of a patch membrane. Under an applied potential of -60 mV, a change of the basal current from the initial current to -60 pA indicated that the seal resistance dropped to 1 gigaohm, and the successive recording of a glutamate current was difficult. Therefore, the lifetime of a patch sensor was defined as the duration of a patch membrane after the application of -60 mV until a 20% change of the basal current was observed, relative to the current change from the initial one to -60 pA (Fig. S3,  Supporting Information) . The lifetime of the sensor was typically 3 -8 min, though in some cases the lifetime was longer than 20 min.
Monitoring of L-glutamate release at CA1 of a hippocampal slice in a submerged preparation
Monitoring L-glutamate release in a hippocampal slice in a submerged preparation with an implanted patch sensor was performed by using KCl (50 mM) as a stimulant. A current vs. time trace recorded by running an ACSF and a KCl solution in sequence is shown in Fig. 4b . One can see a transient increase in the current after the onset of KCl stimulation. The current level returned to the initial one by washing out with an ACSF. Such a response profile is in accordance with results reported by other authors using different probes. [23] [24] [25] [26] For a comparison purpose, the monitoring of KCl (50 mM)-stimulated L-glutamate release at region CA1 of hippocampal slices in an interface preparation was also performed (Fig. 4c) . The response profile was very similar to that observed with a submerged slice (Fig. 4b) in the sense that a transient, instantaneous response appeared, and then disappeared by washing out KCl with an ACSF. The magnitude of the integrated current varied from one slice to another one, because the distance of the sensor tip from neurons was uncontrollable (Fig. S4, Supporting Information) . These results indicate that the implantation of a patch sensor is applicable to both preparations of hippocampal slices.
The lifetime of the sensor implanted in submerged slices was approximately 40 -45 min, though the lifetime was occasionally longer, i.e., 70 min, especially if the seal resistance of the patch sensor was above 7 gigaohm. Taking the advantage of the long lifetime of an implanted sensor for submerged cases, we investigated the repeat stimulation of a slice with the same sensor. For each run, a recording period of approximately 14 min was required. Hence, considering the lifetime of the sensor, only two measurements were performed. We could record twice the sensor responses induced by the application of a 50 mM KCl solution, and the magnitude of the maximum integrated current was almost the same (Fig. 5 ).
Conclusions
The results described above demonstrate that a patch sensor based on an excised membrane is implantable into the target neuronal region of hippocampal slices in interface or submerged preparation. The implanted sensors allowed us to monitor L-glutamate in the local region of hippocampal slices released by chemical stimulation in a flow system. The implantation of a patch senor provides the advantage that an extracellular L-glutamate level can be monitored at a position near the neurons. The implantable sensor applied for hippocampal slices in an interface preparation has the potential of investigating the L-glutamate level associated with short-lasting phenomena in neuronal activity, while a patch sensor implanted in hippocampal slices in a submerged preparation will be useful for long-lasting phenomena, such as chemically induced long-term potentiation (cLTP). 
